We study excitation and ionization in the 1.5 MeV/amu O 8+ -Li collision system, which was the subject of a recent reaction-microscope-type experiment [Fischer et al., Phys. Rev. Lett. 109, 113202 (2012)]. Starting from an independent-electron model based on determinantal wave functions and using single-electron basis generator method and continuum distorted-wave with eikonal initial-state calculations we show that pure single ionization of a lithium K-shell electron is too weak a process to explain the measured single differential cross section. Rather, our analysis suggests that two-electron excitation-ionization processes occur and have to be taken into account when comparing with the data. Good agreement is obtained only if we replace the independentelectron calculation by an independent-event model for one of the excitation-ionization processes and also take a shake-off process into account.
I. INTRODUCTION
The investigation and differentiation of single and multiple electron processes has been a topic of considerable interest in atomic collision physics over many years. For one thing, studies in this area shed light on questions relevant for applied research, e.g., in radiation therapy, where the damage induced by swift ions is different in single-and multiple-ionization events [1] . Multiple ionization of, e.g., water molecules results in fragmentation practically with certainty, while there is a high chance that the H 2 O + ion created after single-electron removal stays intact [2] .
Much of the experimental and theoretical activity in the investigation of single and multiple processes is, however, fueled by the fundamental interest in the few-body quantum dynamics at play. The seemingly simplest situation that can occur in an ion-atom collision corresponds to single-electron removal, in which one target electron is either captured by the (bare) projectile or promoted to a continuum state. However, single-electron removal is not necessarily a pure one-electron process: Another target electron may participate in the dynamics and end up in an excited state after the collision. In the case of capture, these so-called transfer plus target-excitation (TTE) events have been identified in cold target recoil ion momentum spectroscopy (COLTRIMS) and reaction microscope (ReMi) experiments, which give access to the Q-value of a given reaction, i.e., the electronic energy loss or gain [3] [4] [5] . Excitation-ionization (EI) was measured some time ago at very high projectile energy using (Auger-) electron spectroscopy [6] .
If the target atom is helium, which has often been the case in COLTRIMS and ReMi experiments, TTE and EI are true two-electron processes. A somewhat different situation arises if more than one target shell is occupied before the collision. In this case, the single capture or single ionization of an inner-shell electron leaves the target ion behind in an excited state. In a naive independent-particle picture a two-electron process, in which an outer-shell electron is removed and an inner-shell electron is promoted to the state just vacated, has the same outcome. This type of two-electron TTE or EI in principle becomes distinguishable from pure single inner-shell electron removal if the inner-shell electron is promoted to a target state that was vacant before the collision [7] . In practice, however, the resolution achievable in Q-value measurements may make it difficult to separate these two-electron processes from pure one-electron removal. Theoretical calculations are then required for a full understanding of the situation.
A recent joint experimental-theoretical work on 1.5 MeV/amu O 8+ collisions from lithium atoms was concerned with this problem [8] . The experiments were performed with the newly-developed 'MOTReMi' apparatus, which combines a magneto-optical trap (MOT)
to cool the lithium atoms with a ReMi to measure the reaction products. The recorded Q-value spectra for single ionization exhibit two distinct peaks, which can be associated with the ejection of the 2s valence electron and the ejection of an inner K-shell electron, respectively. A continuum distorted-wave with eikonal initial-state (CDW-EIS) calculation for Li(2s) ionization was found to be in reasonable agreement with the measured electronenergy single differential cross section (SDCS) corresponding to the first peak, but a CDW-EIS calculation for Li(1s) ionization differed markedly from the data in the other channel.
It was concluded that two-electron EI, which was not taken into account in the calculation, is needed to explain the measurement.
In this paper, we provide a theoretical analysis of the O 8+ -Li collision system based on the independent-electron (IEL) model to scrutinize this interpretation. The IEL model is discussed in Sec. II. In Sec. III, we present IEL SDCSs for various pure ionization and EI processes and compare them with the experimental data. Extensions of the IEL model, among them an independent-event (IEV) model for one EI process, are considered to account for the quite substantial discrepancies. A summarizing discussion is provided in Sec. IV.
Atomic units characterized by = m e = e = 4πε 0 = 1 are used unless otherwise stated.
II. INDEPENDENT-ELECTRON TREATMENT OF PURE SINGLE IONIZATION AND EXCITATION-IONIZATION
Within the semiclassical approximation (SCA) the O 8+ -Li collision system is described by a time-dependent Schrödinger equation (TDSE) for the electronic Hamiltonian
which consists of single-electron kinetic energy operatorsT i , electron-nucleus interactionŝ
(which depend on time due to the SCA assumption of classically moving nuclei), and the electron-electron Coulomb interactionsŴ ij . To the best of our knowledge an explicit solution of this correlated N=3-electron problem has not been attempted yet.
The IEL model consists in replacing the Hamiltonian (1) by a one-body operator
such that the TDSE separates into a set of single-particle equations for the three electrons.
We assume the single-particle Hamiltonian to be of the form
where Z P is the charge number of the bare projectile ion, and r t and r p are the position vectors of the electron with respect to the target and the projectile center, respectively. They are related according to r p = r t − R(t) with R(t) being the classical straight-line trajectory of the projectile relative to the target center. We note that the Laplace operator in Eq. (3) is taken with respect to the center-of-mass reference frame. The effective potential V Li represents the interactions in the (1s 2 2s) ground-state configuration of the lithium atom. It is obtained from the exchange-only version of the optimized potential method (OPM) of density functional theory [9] , i.e., it includes electron-nucleus Coulomb interactions, screening, and exchange terms exactly and exhibits the correct asymptotic −1/r t behavior, but it neglects electron correlations.
We have solved the single-particle equations for the Hamiltonian (3) and the initially occupied Li(1s) and Li(2s) orbitals using the two-center basis generator method (TC-BGM) with a basis that consists of the 1s − 4f target states, the 1s − 4f (hydrogenlike) projectile states, as well as 71 BGM pseudo states to account for ionization [10] . All basis states are 
where |ψ 1s(2s) (t f ) denote the solutions of the single-particle equations corresponding to the 1s(2s) initial states and propagated to a sufficiently large final time t f after the collision, and |f k ∈ T (P ) are final target (projectile) states. Note that in Eqs. (10) and (11) we use the unitarity of the TC-BGM solutions of the single-particle equations.
As expected at a projectile energy as high as 1.5 MeV/amu, capture is very weak except for the 1s initial state in close collisions. It will be neglected in the following, i.e., we will identify electron removal from the lithium atom with ionization into the continuum. We further observe in Fig. 1 that ionization strongly dominates for the case of the 1s initial state, while for the Li(2s) initial state excitation takes over in distant collisions. The details of our calculations show that excitation to 2p is the strongest channel. We also include in Fig. 1 ionization probabilities obtained from a CDW-EIS calculation for the Hamiltonian (3) [11, 12] . They are in very good agreement with the TC-BGM results for the case of the 1s initial state, and still in acceptable agreement for 2s-keeping in mind that the CDW-EIS method is perturbative in nature and the perturbation parameter η = Z P /v is close to one (η = 1.03 for the projectile speed v = 7.75 a.u.).
In order to make contact with the experiment [8] and take EI processes into account, we have to reinstate many-body aspects of the collision system. Consistent with the IEL model this is done by assembling the solutions of the single-particle equations in the form of a Slater determinant. If the three-electron final states are also taken to be Slater determinants, the transition probabilities of interest can be obtained without further approximation from combinations of determinants constructed from one-particle density matrix elements [13] 
In this work, we are interested in processes, in which exactly one vacancy is created in the lithium atom. They correspond to probabilities for finding two bound single-particle target states, say |f 1 and |f 2 , occupied and all the others vacant, and can be calculated according to [13] 
In the expression on the right hand side of Eq. (13) P f 1 f 2 denotes the inclusive probability for finding two electrons in the subconfiguration |f 1 f 2 while nothing is known about the final state of the third electron. As shown in Ref. [13] this inclusive probability is given as the determinant constructed from the 2 ×2 density matrix corresponding to |f 1 f 2 . P f 1 f 2 f k is the exclusive probability to find the three electrons in the completely specified configuration |f 1 f 2 f k and is given as the determinant of the 3×3 density matrix corresponding to |f 1 f 2 f k .
Since the sum in Eq. (13) runs over all bound target states the difference of both terms corresponds to the statement that one of the electrons has been removed from the lithium atom.
For the explicit evaluation of Eq. (13) we have to take the spin projections (↑, ↓) of the electrons into account and consider spin orbitals that we denote, e.g., by writing |f k ↑ .
Since the Hamltonian (3) is spin independent we have
We choose the initial state of the lithium atom to be a Slater determinant built from the (1s↑ 1s↓ 2s↑) spin orbitals.
With these preparations we are ready to consider the probabilities that correspond to the experimentally distinguishable processes [8] :
(i) 2s vacancy production P vac 2s , in which the Li + ion is found in its (1s 2 ) ground state:
(ii) 1s vacancy production P vac 1s , in which the Li + ion is left in the excited configuration (1snl) with n ≥ 2:
All terms on the right hand sides of Eqs. (14) and (15) stemming from off-diagonal elements of the density matrix that reflect the antisymmetry of the three-electron wave functions. These terms as well as a few details regarding the derivation of Eqs. (18) and (19) are given in the Appendix.
Equations (20) to (25) have straightforward interpretations and can also be obtained from a simple multinomial analysis of the three-electron problem that is based on associating each electron with a single-particle probability. Expressions are negligible. This is demonstrated in Figs. 2 and 3 . Figure 2 displays the b-weighted probability for 2s vacancy production according to Eq. (14) . Differences to exclusive 2s ionization according to Eq. (20) are too small to be visible mainly because the exchange amplitude for a transition from the 2s to the 1s state in the correction terms is very small. We have also included p ion 2s in Fig. 2 . This probability is interpreted as the single-ionization probability in a one-active-electron (OAE) model in which the two K-shell electrons are assumed to be frozen throughout the collision. Obviously, the OAE result differs from the other curves only at relatively small b, where the 1s electrons do undergo transitions with non-negligible probabilities.
In Fig. 3 we show b-weighted probabilities for processes that result in the creation of one K-shell vacancy. P EI1 [Eq. (23)] is almost as strong as P In many calculations for helium targets the quantity 2p ion 1s was used to calculate ionization cross sections (see, e.g., Ref. [14, 15] ). This procedure again corresponds to an OAE model, in which the factor of two arises since one does not know which of the two K-shell electrons is active and which is passive. We have included a 2p ion 1s curve in Fig. 3 . It is seen to be much larger than the other probabilities, which indicates that the assumption of just one active K-shell electron is not realistic for the 1.5 MeV O 8+ -Li collision system. The main reason for this is that it is very unlikely for the initial 2s electron not to undergo a transition in a relatively close collision. Put another way, if the assumption of two passive electrons is unrealistic, the quantity 2p ion 1s is contaminated by multielectron processes.
III. DIFFERENTIAL CROSS SECTION RESULTS AND EXTENSIONS OF THE IEL MODEL
Having analyzed the relative strengths of various ionization processes within the IEL model we now turn to the SDCSs for the two reaction channels discussed in Ref. [8] . Ideally, we would calculate them on the basis of Eqs. (14) and (15) and the TC-BGM single-particle solutions. However, this is not possible, since it is difficult to extract electron-emissionenergy (E e ) differential information from the population of the BGM pseudo states. Instead, we use the CDW-EIS method to calculate single-particle ionization probabilities p Results are shown in Fig. 4 in comparison with the experimental data of Ref. [8] . For the 2s channel the OAE and exclusive ionization SDCSs are very similar (cf. Fig. 2 ) and in reasonable agreement with the data, which were deemed low at energies E e > 20 eV due to acceptance limitations of the spectrometer [8] . We note that the present results are in very good agreement with the CDW-EIS calculations shown in Fig. 2(b) of Ref. [8] , which we did not include in our figure for the sake of clarity.
For the 1s channel the situation is more involved. Our OAE result agrees well with the CDW-EIS calculation reported in Ref. [8] (not shown), but it differs in both magnitude and shape from the experimental data. As mentioned earlier, the OAE cross section is contaminated by multielectron processes, particularly by multiple ionization, which is excluded in the measured coincidences of electrons and singly-charged ions. Hence, this quantity is not very useful for the analysis of the experimental data. On the other hand, exclusive 1s ionization is much smaller than the measurements at all electron energies. The same is true for the EI process described by Eq. (23), which consists of 1s ionization and 2s excitation.
Similarly to exclusive 1s ionization this EI process reflects the energy dependence of the OAE 1s ionization curve, which can be inferred from Eqs. (22) and (23).
Likewise, the other EI process [Eq. (24)] which involves 2s ionization and 1s excitation reflects the energy dependence of the 2s ionization curve. If one adds it to exclusive 1s ionization and 1s ionization with 2s excitation to calculate the total IEL SDCS for 1s-vacancy production one obtains a curve whose shape has some similarity with the energy dependence of the experimental data, but lies significantly below them except at the highest electron energies. We thus have to conclude that the IEL model is not sufficient to explain the measurements.
In an attempt to understand the discrepancy without embarking on a full solution of the correlated three-electron problem we have considered the following scenarios. First, one may argue that for the EI process corresponding to Eq. (24) a sequential IEV picture of the collision dynamics is more realistic than the IEL model. In such a scenario the outer (2s) electron is removed first with the result that the inner (1s) electrons rearrange before one of them is promoted to an excited state of the Li + ion. Accordingly, we also considered a Hamiltonian in which the OPM potential V Li is replaced by the OPM potential V Li + for the (1s 2 ) configuration which decays like −2/r t asymptotically. The 1s-excitation with 2s-ionization SDCS in the IEV model was then calculated according to
where p elast 1s+ (b) and p exc 1s+ (b) denote single-particle elastic and excitation probabilities obtained from TC-BGM collision calculations for O 8+ -Li + , and p ion 2s (b, E e ) is the electron-energy differential CDW-EIS ionization probability for O 8+ -Li that we also used in the IEL calculations.
We note that we did not consider the IEV counterpart of the EI process (23), in which a K-shell electron is removed and the 2s electron excited, since it does not seem plausible to assume that the wave function of the outer 2s electron adjusts to an ionic (1s2s) configuration after inner-shell ionization. Besides, we know from the analysis presented above that such an IEV probability would result in the same E e -dependence as OAE 1s ionization, which is at odds with the measured data.
Secondly, our TC-BGM basis only includes target states up to principal quantum number n = 4. It is impossible to push the calculation further without severely restricting the representation of the continuum. In order to estimate the contribution from higher excitations we have assumed that they scale like 1/n 3 which allows for extrapolating them to n → ∞ [16] .
Finally, we have estimated the contribution from a correlated two-electron process, in which a 1s electron is excited and the 2s electron is emitted due to shake-off. We have calculated the (E e -differential) shake probability by projecting the Li(2s) state onto continuum states of the single-center Hamiltonian
For Z T = 3 the total potential of this Hamiltonian corresponds to the sum of the Coulomb potential of the lithium nucleus and an electrostatic potential due to the presence of one hydrogenlike 1s electron, i.e., the effects due to the presence of the excited electron and the repulsion between the 1s and 2s electrons are neglected. We have repeated the shake-off calculation with continuum states of the Li + Hamiltonian used in the IEV calculation and have found very similar results indicating that these simplifications are of minor importance. Figure 6 shows that in the case of the neutral lithium atom the 1s and 2p states have only very little spatial overlap. These observations favor the IEV picture, because the ionic excited states are more realistic final states for EI than the neutral atom states. Figure 6 also displays the Li and Li + OPM potentials. The shoulder in the neutral atom potential is a reflection of the shell structure.
Coming back to Fig. 5 , we observe that the 1s ionization with 2s excitation SDCS corresponding to Eq. (23) increases by a little less than 20% when the contribution from excitations to n ≥ 5 is included, and becomes very similar to the exclusive 1s ionization curve (which is repeated in Fig. 5 ). Again the 2p excitation channel is the strongest one, contributing almost half of the cross section. The shake-off SDCS, obtained by replacing p ion 2s
in Eq. (24) by the shake probability, applying the n → ∞ correction to p exc 1s and integrating over the impact parameter, falls off steeply with increasing electron energy, but it does give a non-negligible contribution at low E e . When added to the three other contributions shown in Fig. 5 we obtain the thick full curve. The agreement with the measurements is not perfect, but it is very good down to E e ≈ 2 eV. Ref. [8] : Two-electron excitation-ionization processes occur and must be taken into account when comparing with the measurements for the 1s channel. However, the independentelectron model is not sufficient to explain the data. Rather, we had to replace it by an independent-event calculation for one of the EI processes, i.e., we had to take relaxation effects into account, and we also had to include a shake-off process to obtain good agreement with the measurements. Accordingly, we have to conclude that electron correlation effects play some role in this collision system. K 109440). We thank Eberhard Engel for making his atomic structure calculations available to us.
Appendix
According to Eqs. (13) and (14) the 2s vacancy production P vac 2s is given as
The inclusive probability P 1s↑1s↓ is the determinant of the 2×2 density matrix corresponding to the configuration (1s ↑ 1s ↓): In the last step we have used the definitions (4), (5), and (16).
The exclusive probability P 1s↑1s↓f k ↑ is the determinant of the 3 × 3 density matrix corresponding to the configuration (1s ↑ 1s ↓ f k ↑). Using similar arguments as above we can In the last step we use the definitions for single-particle ionization (10) and (11) 
